Recent simulations and observations of massive galaxy cluster evolution predict that the majority of stellar mass build up happens within cluster members by z = 2, before cluster virialization. Protoclusters rich with dusty, star-forming galaxies (DSFGs) at z > 3 are the favored candidate progenitors for these massive galaxy clusters at z ∼ 0. We present here the first study analyzing stellar emission along with cold dust and gas continuum emission in a spectroscopically confirmed z = 4.002 protocluster core rich with DSFGs, the Distant Red Core (DRC). We combine new HST and Spitzer data with existing Gemini, Herschel, and ALMA observations to derive individual galaxy-level properties, and compare them to coeval field and other protocluster galaxies. All of the protocluster members are massive (> 10 10 M ), but not significantly more so than their coeval field counterparts. Within uncertainty, all are nearly indistinguishable from galaxies on the star-forming vs. stellar mass main-sequence relationship. However, when placed on the star formation efficiency plane, DRC components exhibit starburst-like characteristics with SFRs 10-100× greater than the expected field value at a given molecular gas mass. Assuming no future major influx of fresh gas, we estimate that these gas poor (f gas < 25%) yet bursty DSFGs will deplete their gas reservoirs in < 30 Myr. Using various methodologies, we derive a total z = 4 halo mass of ∼ 10 14 M , and estimate that the DRC will evolve to become an ultra-massive cluster core of mass 10 15 M by z = 0.
INTRODUCTION
Environmental impacts on galaxy evolution are best understood at z < 2. In observational studies on the local Universe all the way out to z = 1.5, galaxy clusters are known to host excess populations of red and massive galaxies when compared to coeval field counterparts (Lewis et al. 2002; Wake et al. 2005; Patel et al. 2009; van der Burg et al. 2013; Scoville et al. 2013; Lemaux et al. arianna.long@uci.edu 2019) . In order to form these massive, quiescent populations, studies suggest that clusters must form the majority of their mass (∼ 50%) and initiate rapid quenching by z = 2 (e.g. Cooper et al. 2010; Papovich et al. 2010; Rettura et al. 2011) , which means clusters at z 3 should host many actively star-forming galaxies (Contini et al. 2016; Chiang et al. 2017) . Unfortunately, observational selection biases bear inconclusive results on whether there exists an excess of star-formation activity in early cluster environments at z > 2 (e.g. Steidel et al. 2005; Koyama et al. 2013; Cooke et al. 2016) . This is arXiv:2003.13694v1 [astro-ph.GA] 30 Mar 2020 likely due to the fact that the methods originally developed to find clusters were inherently built to detect nearvirialized clusters at z 2 with strong red sequences already in place (e.g. Gladders & Yee 2000; Rosati et al. 2002; Eisenhardt et al. 2008; Saro et al. 2009; Chiang et al. 2013 ) and/or evidence of a hot X-ray emitting intracluster medium (e.g. Rosati et al. 2002; Mullis et al. 2005; Willis et al. 2013; Bleem et al. 2015) .
Full characterization of z > 3 early cluster, aka protocluster (Overzier 2016) , environments is vital to our efforts in understanding several cosmological processes, including the collapse of filamentary structures (e.g. Umehata et al. 2019) , the formation and assembly of massive halos in ΛCDM (e.g. Suwa et al. 2006; Harrison & Coles 2012) , and the births of the most massive galaxies in the Universe: brightest cluster galaxies (e.g. De Lucia & Blaizot 2007; Ragone-Figueroa et al. 2018; Cooke et al. 2019) . Currently, most protoclusters cataloged at z > 3 are discovered and characterised based on their rest-frame optical/UV emission owing to their selection techniques (e.g. systematic narrowband/spectroscopic searches for overdensities of Lyα emitters, Hα emitters, and/or LBGs, e.g. Venemans et al. (2007) ; Daddi et al. (2009) ; Capak et al. (2011) ; Koyama et al. (2013) ; Lemaux et al. (2018) ; Higuchi et al. (2019) ). However, these techniques are blind to a rare but important phase of massive galaxy evolution that contributes immensely to cosmic star formation: dusty, star-forming galaxies (DSFGs, see Casey, Narayanan, & Cooray (2014) for a review; see also HAE229 in Doherty et al. (2010) ; Dannerbauer et al. (2014) , and Dannerbauer et al. (2017) ).
Recent far-IR and sub-millimeter observations have uncovered populations of dusty, star-forming galaxies residing in overdense environments at z > 2 (e.g. Geach et al. 2006; Chapman et al. 2009; Dannerbauer et al. 2014; Clements et al. 2014; Casey et al. 2015; Umehata et al. 2015; Hung et al. 2016; Miller et al. 2018; Gómez-Guijarro et al. 2019; Harikane et al. 2019; Lacaille et al. 2019) . Their incredible bursts of star formation over short periods of time at high-z makes DSFGs ideal candidates for driving rapid stellar mass build up at z > 3 in protoclusters, before the widespread onset of a red sequence is in place. The strong presence of DSFGs in these overdensities is not a coincidence, but likely a key part of protocluster evolution (Casey 2016) .
Detailed multiwavelength characterization has been carried out at the individual galaxy level for many z 3 nearly-virialized protoclusters with DSFGs (e.g. Spitler et al. 2012; Casey et al. 2015; Umehata et al. 2015; Dannerbauer et al. 2017) , but most newly discovered z 3 protoclusters with DSFGs either (a) have only a hand-ful (1-3) of these rare starbursts (Daddi et al. 2009; Capak et al. 2011; Walter et al. 2012; Pavesi et al. 2018 ), (b) are DSFG-rich but with resolved observations limited to only their far-IR and sub-mm properties (Miller et al. 2018), or (c) are not yet spectroscopically confirmed members of the protocluster (Champagne et al. 2018; Harikane et al. 2019) . In order to fully assess the role and evolution of DSFGs in overdense environments (e.g. are they the primary progenitors of BCGs or other massive spheroidals seen in modern day clusters?), we must seek and then explore the properties of these rare and extreme environments across the energy spectrum.
The work presented here is the first to link resolved stellar emission with cold dust and gas from star-forming regions in a spectroscopically confirmed z = 4 protocluster rich with DSFGs. We combine high-resolution Hubble Space Telescope (HST ) data, deep Gemini FLAMINGOS-2 data, and deep Spitzer IRAC observations to probe the rest-frame UV of an extremely dense protocluster core spectroscopically confirmed at z = 4.002 with the Atacama Large Millimeter/sub-millimeter Array (ALMA): the Distant Red Core (DRC). The DRC was identified by Ivison et al. (2016) as the single reddest source in a systematic search for high-z, extreme star-forming systems in the ≈ 600 deg 2 Herschel Astrophysical Terahertz Large Area Survey (H -ATLAS, Eales et al. 2010 ) based on "red" Herschel SPIRE flux densities (S 500 > S 350 > S 250 , Ivison et al. (2016) ; Asboth et al. (2016) ). Follow up APEX LABOCA 870 µm imaging across a 10 field confirmed a significant (2.15 +0.8 −0.5 ) overdensity of DSFGs (Lewis et al. 2018) , and subsequent ALMA 2-3 mm spectroscopic scans on the two brightest 870 µm emitters resolved an astounding 10 DSFGs at z spec = 4.002 within a 260 kpc×310 kpc×87 Mpc region (Oteo et al. (2018) , see also Fudamoto et al. (2017) ), making the DRC core one of the rarest and most dense concentrations of DS-FGs known at high-z (see also Miller et al. (2018) for a similar structure at z = 4.3).
In Section 2, we present multiwavelength data and counterpart identification; in Section 3, we describe the spectral energy distribution (SED) fitting process; in Section 4 we present our results comparing individual protocluster members to field galaxies, and in Section 5 we discuss the DRC in context of global galaxy cluster evolution; we summarize our conclusions in Section 6. Throughout this paper, we adopt a cosmology of H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7.
DATA
Here we review the imaging and photometry used in this analysis. Further, in Section 2.8, we discuss how we carry out multiwavelength counterpart identification for each DRC component, and in Section 2.9, we discuss the deblending technique employed on DRC components that are blended with nearby objects in the Spitzer IRAC data. The resulting photometry is tabulated in Table 1 .
HST WFC3
In HST Cycle 25, we used the F125W filter to observe a subset of eight ultra-red Herschel objects with precise coordinates from ALMA observations and clear Spitzer IRAC counterparts (PID: 15464, PI: A. Brown). We used a four-point dither pattern with a 653 s exposure per frame, achieving a total on-source integration time of 43.5 minutes over the F125W band. We use the final calibrated data from the Barbara A. Mikulski Archive for Space Telescopes (MAST), which is combined and corrected using the standard WFC3 reduction pipeline (calwf3 v3.4.2 and DrizzlePac v2.1.21). At this wavelength (1.25 µm), we determine 3σ depths of m AB = 22.5 on point-like sources and a psf of 0.18 .
Gemini FLAMINGOS-2
In 2014, the FLAMINGOS-2 instrument on the Gemini-South telescope observed the DRC for a total of ∼4 hours in the K s -band (PID: GS-2014A-Q-58, PI: L. Dunne). Here, we use the same reduced data presented in Oteo et al. (2018) (Section 2.5, therein) , which reaches a final 3σ depth of m AB = 25 with an average seeing of 0.72 .
Spitzer IRAC
In Cycle 13, as part of a follow-up campaign to measure the rest-frame optical emission for 300 z 4 ultrared DSFGs, the Spitzer Space Telescope Infrared Array Camera (IRAC) imaged the DRC at 3.6 µm and 4.5 µm (PID: 13042, PI: A. Cooray, see also Ma et al. (2019) ). Images in each band were taken over a 36-point dither pattern with a 30 s exposure per frame, achieving a total integration time of 18 minutes per band. We use the reduced post-basic calibrated data (pBCDs) from the Spitzer Science Center (vS19.2), achieving depths of m AB = 24 and 26, and pst limits of 0.93 and 1.13 , respectively.
Herschel SPIRE
Data Release 2 of the H -ATLAS survey (Eales et al. 2010; Valiante et al. 2016; Maddox et al. 2018) captured the DRC at rest-frame far-IR wavelengths. SPIRE observations were taken in parallel over the South Galactic Pole, with fwhms of 17.8 , 24.0 , and 35.2 at 250, 350, and 500 µm, respectively. Ultra-red sources were selected with a 3.5 σ detection threshold at 500 µm flux densities (S 500 ) > 30 mJy, with S 500 /S 250 ≥ 1.5 and S 500 /S 350 ≥ 0.85 (Ivison et al. 2016) . We refer the reader to Ivison et al. (2016) , Valiante et al. (2016), and Maddox et al. (2018) for extensive details on observations and source extraction, and to Section 2.7 for details on deblending Herschel SPIRE data.
ALMA
As presented in Oteo et al. (2018) , successful spectroscopic confirmation of DRC members required several spectral scans using the Atacama Large Millimeter Array (ALMA) to unambiguously detect more than one emission line. We refer the reader to Oteo et al. (2018) for the full chronicle, and briefly summarize the data used in this work below.
The DRC core has a spectroscopic redshift of z spec = 4.002, determined via ALMA 2 mm spectral scans (PID: 2016.1.01287.S, PI: I. Oteo) carried out over two pointings, with an average synthesized beam size of 1.6 . All sources but DRC-5 were spectroscopically confirmed via detection of 12 CO(6-5) emission, and up to four additional emission lines detected for some of these objects (including [C i](1-0), H 2 O(2 11 − 2 02 ), 12 CO(4-3), and 12 CO(2-1); PID: 2013.1.00449.S, P.I. A. Conley; PID: 2013.A.00014.S, PI: R.J. Ivison; and PID: 2013.1.00449.S, PI: R.J. Ivison). At z = 4.002, the respective field of view for the 2 mm mosaic is roughly 675 kpc × 433 kpc with a physical synthesized beam size of 11.4 kpc; thus, these sources are unresolved at submm wavelengths (with the exception of DRC-1 which was imaged with 0.12 resolutions at 870 µm in PID: 2013.1.00001.S, PI: Ivison; this data is not included in this analysis).
Near-Infrared Photometry
For all observed-frame near-IR data (HST, Gemini, and Spitzer ), we use the source extractor package (Bertin & Arnouts 1996) to identify objects, and assign total fluxes based on FLUX AUTO values. In the following paragraph, we discuss the signal-to-noise limits employed throughout this work.
For HST data, we measure 9/11 DRC sources at S/N 2. In this band, only 5/11 sources have S/N > 3; we choose to keep the additional four objects with 3 > S/N 2 as these objects are clear (S/N = 4 − 5) detections at in the K s band (2.2 µm), and the positional offsets between the sources as seen in the F125W and K s filters are ≤ 0.4 (which is ∼1-2 pixels or less in the Gemini image). For the deeper FLAMINGOS-2 data, we detect 9/11 DRC objects at S/N > 3, with the remaining two objects, DRC-4 and 10, at S/N < 2 (which is consistent with HST). In the 3.6 µm and 4.5 µm Spitzer images, 8/10 and 9/10 DRC components are detected at S/N > 3, respectively. However, 6/10 of these objects are blended with neighboring sources. In Section 2.9, we describe the process for deblending the IRAC counterparts with their neighbors.
Generating Respective Herschel Flux Densities
In each of the Herschel SPIRE images, the DRC is blended together as a single object. The protocluster was systematically selected as an "ultra-red" source based on it's rising SPIRE flux densities (S 500 > S 350 > S 250 , Ivison et al. (2016) ) believed to trace the Wien side of the far-infrared blackbody for galaxies at z 4. Ivison et al. (2016) measured a total flux for the DRC (aka SGP-354388) of 26.6±8.0, 39.8±8.9, and 53.5±9.8 mJy at 250, 350, and 500 µm, respectively; additional followup SCUBA-2 and LABOCA 850-870 µm measurements also resolved the DRC (but this data is not used in this analysis). In the following, we describe how we determine individual object flux densities or upper limits.
Using ALMA positional priors for each DRC component, we deblend the far-IR emission with the probabilistic deblender XID+ (Hurley et al. 2017 ). 1 XID+ is a tool designed specifically to deblend SPIRE maps using higher-resolution positional priors and a Bayesian inference to obtain the full posterior probability distribution function on flux estimates.
When all 11 sub-mm bright objects (Table 1) are considered in the fit, the results produce flux density estimates with S/N 1 for each source, indicating that none of these galaxies would be detected individually in Herschel surveys. We achieve similar results when using just the six brightest objects at 2 mm. When iterating XID+ on the four brightest 2 mm objects only (nos. 1-4), we recover the majority of the SPIRE flux at S/N 2 significance for members 1, 2, and 3. We use these fluxes in the SED fitting process for components 1-3, and use the results from the first pass as generous upper limits for components 4-11. We note that without these upper limits and deblended SPIRE flux estimates, our SED models generate a larger far-IR component for each member (with flux densities on the order of 5−10× larger than what the upper limits predict).
Identifying HST and Gemini Counterparts
Upon inspection, many DRC members break apart into several rest-frame UV (λ = 2500Å) counterparts within their respective ALMA contours, several of which exhibit clumpy and/or interacting morphologies ( Figure  1 ). These morphologies are expected for the majority of galaxies at high-redshifts (z > 1), due to increased merger fractions and star formation activity during this epoch of the Universe (e.g. Cowie et al. 1995; van den Bergh et al. 1996; Elmegreen et al. 2004 Elmegreen et al. , 2007 Agertz et al. 2009; Dekel & Birnboim 2006; Bournaud et al. 2014; Shibuya et al. 2016 , but see also Hodge et al. (2016) ). Moreover, studies suggest that the bright submm flux from DSFGs hails not just from isolated starbursts, but also from merger-induced starbursts and/or pairs of galaxies (not necessarily individually bursting) undergoing a spiral infall (Guo & White 2008; Davé et al. 2010; Hopkins et al. 2010; González et al. 2011; Hayward et al. 2011 Hayward et al. , 2012 Hayward et al. , 2013 Somerville et al. 2012; Narayanan et al. 2015; McAlpine et al. 2019 ) -and, in overdense regions like that of protocluster environments, there is an increased merger fraction compared to coeval field environments (Gottlöber et al. 2001; Lotz et al. 2013; Hine et al. 2016) .
Considering the aforementioned points, along with the varying spatial resolutions between the ALMA and observed-frame near-IR data, we decide to treat each ALMA object as it's own global physical system and capture all observed-frame near-IR emission within a physically motivated radius on the order of galactic scales: ∼ 8 kpc (1.14 at z = 4, also seen in Wiklind et al. (2014) ). This chosen radius emits from the center of the ALMA 2 mm emission for each object, within which we deem all rest-frame UV bright objects as a cumulative counterpart. This physical distance ensures we capture only closely interacting pairs, individual galaxies dominated by patches of star-forming regions / giant molecular clouds, and/or systems with irregularly shaped dust and stellar offsets due to tidal forces from recent gravitational interactions or to strong dust extinction. The only exception to this case is DRC-8 in which we choose to include the additional rest-frame UV object ∼ 2 to the southwest of the brightest part of the ALMA centroid as the ALMA observations appear to also detect this additional object.
With the available data, we cannot definitively rule out the possibility of low-redshift interlopers in the optical/near-IR data. However, for DRC objects 1,2,7, and 8, which show multiple possibly interacting com-ponents, the fwhm of the CO(6 − 5) emission used to originally spectroscopically confirm cluster membership is extremely broad (> 1000 km s −1 , see Figure 2 in Oteo et al. (2018) ). We interpret this as evidence that these four objects are likely ongoing merger events, and therefore the 2-3 mm continuum measurements represent the global system.
For 6/11 sources, more than one HST counterpart is found within the 1.14 (8 kpc) radius (see Figure 1 ). We sum the respective fluxes to form a total observedframe 1.25 µm flux for each ALMA DRC componentstill only including HST sources with S/N 2. Uncertainties from multiple counterparts are added in quadrature. The Gemini observation, affected by seeing, is more blended than the HST image. So, where necessary, we repeat this exact method for multiple objects detected within the same radius in the K s -band image, although this only applies to two sources: DRC-2 and DRC-7. As mentioned earlier in this section, DRC-8 also includes two objects in the HST and Gemini flux density measurements (both at S/N > 3), with the uncertainties added in quadrature.
Deblending IRAC Counterparts
For several objects (e.g. DRC-2, DRC-8, and DRC-9), the 3.6 µm and 4.5 µm flux is blended with nearby sources outside of the projected 1.14 merging radius. To avoid overestimating stellar properties, we deblend the IRAC photometry using tphot (Merlin et al. 2015 (Merlin et al. , 2016 , a software package designed to extract and deblend photometry from low resolution images (IRAC) using high resolution priors (HST). We use Source Extractor (Bertin & Arnouts 1996) to generate the relevant input catalogs and segmentation maps, then we apply swarp (Bertin et al. 2002) to both IRAC images to match the HST/F125W image pixel resolution (0.127 ). Finally, we use pypher to generate a convolution kernel between the IRAC and HST PSFs. To achieve optimal performance, we ran tphot using FFT convolution and a cells-on-objects fitting configuration with the LU linear system solver.
Since not all objects detected in the HST map are also detected in the IRAC images, the exact fraction of IRAC flux recovered during the tphot fitting process is difficult to quantify. However, we recover 85 − 100% of the original IRAC flux (measured using Source Extractor) for sources with clear singular IRAC counterparts (e.g. members 5 and 7). Additionally, visual inspection of the residual maps from our fitting procedure confirms no major systemic issues were generated during the convolution process (e.g. systemic offsets, shadows from inaccurate PSFs/kernels, black spots from spuri- a DRC-5 is not spectroscopically confirmed at z = 4.002 like the other 10 members. We still include this object in our analyses in Sections 4 and 5, and note any impacts on the global cluster properties if DRC-5 is indeed not a true member of this cluster core. b Total combined flux for the two galaxies lying within the ALMA contours seen in the HST image; at 2.2 µm, the two components were recognized as one singular object. ous overestimated fluxes). Thus, we interpret our fits as successful and consider the resulting deblended fluxes as representative.
We also explored whether astrometric offsets between the Spitzer IRAC images and HST images could affect our counterpart matching and deblending process. We searched for all HST counterparts in a 1.6 radius (corresponding to the IRAC Channel 1 fwhm) from the IRAC sources and found an average offset of δRA = 0.06 ± 0.34 and δDEC = 0.24 ± 0.34 between matched counterparts, which is comparable to the HST fwhm but significantly smaller than the IRAC fwhm. These offsets were not systematic in any direction.
Since tphot-IRAC photometry is based on HST coordinates, the IRAC fluxes are summed in a similar fashion: S/N < 2 sources are used only as upper limits in the SED fitting process (see Section 3), and the remaining fluxes are summed to form a single measurement that's used in the SED modeling process, with uncertainties added in quadrature.
SED MODELING
We use the cigale (Code Investigating GALaxy Emission, Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019 ) SED modeling tool in python to generate SEDs for each of the 11 objects. cigale uses an energy balance principle based on conservation of energy between stellar emission, dust attenuation, and dust emission from UV to far-IR wavelengths, and estimates individual galaxy properties using a Bayesian approach (see Noll et al. (2009) for full details). We select flux densities measured at signal-to-noise 2 (listed in Table 1 ). Detections with S/N < 2 are used as upper limits in the SED fitting process, which are treated in the SED fitting process as described in detail by Sawicki (2012) and Boquien et al. (2019) . We refer the reader to Section 2.8 and 2.9 for details on multiwavelength counterpart selection.
We use the following templates and modules to model each DRC member: a Chabrier (2003) 2014)). For the dust emission component, we allow the models to explore all PAH mass fractions available in the module, minimum diffuse dust radiation intensities, U min , of 0.1, 0.5, 1, 5, 10, or 50 (from adult stellar populations) combined with a fixed maximum radiation field intensity of 10 7 (from star-forming regions, Draine et al. (2014) ), a fixed Figure 1 . The dashed circle represents a radius of 1.14 in which all sources within are considered a cumulative near-IR counterpart to the ALMA centroid; this includes the source sitting on the circle for DRC-2. We use tphot to deblend IRAC fluxes for protocluster members that appear blended with nearby neighbors outside this radius (see Section 2.9 for more details). (a) is the HST image of the disturbed DRC-2; (b) is the corresponding Spitzer IRAC 3.6 µm image that's been swarp-ed (Bertin et al. 2002) to match the HST pixel resolution; (c) is the modeled IRAC image tphot creates using HST positional priors and a PSF convolution kernel, and (d) is the residual flux remaining after extraction of the modeled flux from the original IRAC map. We see no systemic issues in our residual maps and recover 85 − 100% of the original flux for sources with clear singular IRAC counterparts (e.g. members 5 and 7), and thus consider our deblended fluxes reliable. See Section 2.9 for more details.
mid-IR power-law slope of 2 (Casey 2012) , and possible percentages of dust emission linked to star-forming regions (as opposed to ambient heating by adult stars) of 50, 75 and 100%.
We present the best fit models in Figure 3 and corresponding galaxy properties in Table 2 for all components. We do not include a SED model for DRC-4 as only upper limits are measured at λ obs < 2 mm; still, we list SED-estimated properties for DRC-4 and caution against further interpretation of these values without further photometry to constrain them. For the remaining objects: all of the best-fit model SEDs have reduced χ 2 < 2, except for DRC-2 with χ 2 red ≈ 3. For this object, the higher χ 2 is likely due to the excess emission measured at observed-frame 3.6 µm; DRC-2 is likely an ongoing major merger (see e.g. Figure 1 ), and the excess 3.6 µm emission may be driven by increased (and redshifted) Hα flux from a recent extreme star-formation event, captured in the wide-banded IRAC Channel 1 (Smit et al. 2016) .
While the reduced χ 2 values are acceptable, we recognize that complex SED modeling techniques can be highly degenerate when there are more free parameters than data points to constrain them. This is particularly true for DSFGs as this population's stellar properties are not yet fully characterized. For example, while a stellar initial mass function (IMF) with more massive stars is favored for DSFGs (e.g. Baugh et al. 2005; Zhang et al. 2018; Cai et al. 2019 , see also Hayward et al. (2013) ), employing different IMFs, each weighted towards more massive stars, can result in a 2 − 3× difference in stellar mass estimates (e.g. Micha lowski et al. 2010; Hainline et al. 2011; Micha lowski et al. 2012) . Moreover, variations in star formation histories and stellar population synthesis models can further degenerate stellar mass estimates in DSFGs (e.g. Hainline et al. 2011; Micha lowski et al. 2014; Wiklind et al. 2014) .
For this work, we can check the SED-derived stellar masses by comparing them to estimates based on rest-frame 1.6 µm absolute magnitudes (observed-frame λ = 8.0 µm), which is taken directly from respective best fit SEDs. This wavelength traces the stellar peak while also limiting the effects of dust extinction, as well as contributions from thermally pulsing asymptotic giant branch stars and/or AGN (Hainline et al. 2009; Chapman et al. 2009; Henriques et al. 2011) . We derive an average M H of −26.06 ± 1.40, which is in agreement (within uncertainty) of the SMGs studied in Hainline et al. (2009) and Simpson et al. (2014) . We apply the mass-to-light ratio L H /M * = 7.9, which was derived from a sample of SMGs in Hainline et al. (2009) and used for protocluster DSFGs in Chapman et al. (2009) and Casey (2016) , deriving stellar masses that are within a factor of two of the SED-derived estimates.
These similarities between stellar mass estimates could be driven by the unconstrained mid-IR portion of the SED that is red-ward of the observed frame 4.5 µm measurement. We do not have data to constrain the redder side of the rest-frame 1.6 µm (λ obs = 8 µm) bump, and emphasize that further analysis and follow up observations are necessary to fully characterize these objects. Still, many other z > 2 protoclusters in the literature that have optical/near-IR and far-IR measurements were analyzed using similar SED decomposition methods. Thus, we move forward using the SED-derived We use the combined flux densities for all HST and Gemini sources within 1.14 of each of the DRC's ALMA centroids (see Section 2.8). In the top left is the ID for each member and in the top right is the reduced χ 2 value for each fit. Beneath each SED is the relative percent difference between the observed and model fluxes. For several sources, DRC-2 in particular, there is a visible offset between the modeled flux and the 3.6 µm measured flux; this emission is measured in a band wide enough to capture redshifted Hα flux, which is expected in excess in a highly disturbed, bursty system such as this. DRC-4 is not shown as only upper limits were measured in all bands. See Section 3 for SED fitting details.
properties in this paper to put the DRC into context with outside literature.
The possible presence of active galactic nuclei (AGN) embedded within a galaxy could also introduce additional uncertainties in the SED fitting process (e.g. Edelson & Malkan 1986; Murphy et al. 2009; Elbaz et al. 2011; Mullaney et al. 2011; Ciesla et al. 2015) . AGNwarmed dust is shown to have the strongest contributions (> 30%) between rest-frame λ = 1.0 − 30 µm (e.g. Brown et al. 2019) , which could cause an overestimation of up to 60% in stellar mass for an individual galaxy. However, this is less of an issue for SED-derived stellar masses within the DSFG population (Micha lowski et al. 2014 ). If present, AGN contributions would likely have the most significant impact on DRC-6, the only galaxy for which Oteo et al. (2018) identifies radio emission in excess of the FIR-radio correlation and flat radio spectrum known for typical (i.e. non-active) DSFGs (Ibar et al. 2010) . DRC-3 also exhibits an upturn in the mid-IR shown in the increasing 3.6 µm to 4.5 µm measured flux, which may also be indicative of a heated dust component from an obscured AGN.
DRC COMPARED TO FIELD GALAXIES
When dissecting the individual properties of cluster versus field galaxies out to z ∼ 2, studies find weak evidence of distinguishable differences between the popula-tions, often suggesting minor increases in the quiescent and/or quenched fraction and the massive galaxy population in overdense environments (e.g. Koyama et al. 2013; Zavala et al. 2019 ). In the following sections, we discuss some differences we do (or don't) see in our protocluster core population of DSFGs when compared to z ∼ 4 field galaxies, and stress that more stringent conclusions could be drawn with additional optical/near-IR data. DRC-4 is not included in this analysis, making our focus on only ten of the DRC components (one of which, DRC-5, is not yet spectroscopically confirmed at z = 4.002).
Main Sequence Evolution
In Figure 4 left, we compare the SFRs and stellar masses for each DRC member to other known z ∼ 4 populations. We include a sample of mass complete (M * 1.6 × 10 10 M ) 3 < z < 4 main-sequence star-forming galaxies from the ZFOURGE survey (Tomczak et al. 2016) , massive dusty 3 < z < 6 star-forming galaxies from Wang et al. (2019) , a SFR-limited (≥ 100 M yr −1 ) sample of 4 < z < 6 ALMA observed SMGs with HST counterparts (Fujimoto et al. 2017) , and a population of magnification-corrected gravitationally lensed SMGs at similar redshifts from Scoville et al. (2016) .
In general, all cluster core members are massive, averaging at 9 ± 6 × 10 10 M , and reside within 1σ of the 2016) star-forming main sequences. Nine out of ten of the protocluster members in discussion are likely larger than ∼ 3×10 10 solar masses, while only 64/654 (or ∼ 10%) of z > 3 ZFOURGE galaxies achieve such high stellar mass (Tomczak et al. 2016 , and the true z = 4 percentage is likely even less). In the higher-redshift SMG samples, we find a much higher fraction of massive galaxies (∼ 70%, Scoville et al. 2016; Fujimoto et al. 2017) , which may be more representative of the DRC SMGs. While some z = 2 studies report high fractions of massive galaxies in overdense environments (e.g. Koyama et al. 2013) , such a high fraction in the DRC may be driven by selection bias towards massive and bursty systems; further followup observations searching for nearby normal starforming galaxies are required to substantiate this claim. Stellar mass functions of far-IR bright star-forming galaxies at z ∼ 4 estimate a number density of n ∼ 10 −3.6 Mpc 3 for objects > 3 × 10 10 M (Schreiber et al. 2015) ; in a 260 kpc × 310 kpc × 87 Mpc ≈ 7 Mpc 3 comoving volume like this protocluster, we expect to see 0.00049 galaxies as massive as each of the DRC members. This corresponds to a galaxy overdensity of δ gal = (8 − 0.00049)/0.00049 > 10, 000× the field density. While this value may decrease once more protocluster members are confirmed in a wider volume, it underpins the evolutionary concept outlined in Casey (2016) where overdensities of rare and massive DSFGs are likely correlated, not serendipitous, with massive protocluster evolution.
Protocluster members closest to the starburst 2 region, components 1-3, morphologically exhibit possible interactions or ongoing mergers in the rest-frame UV, which some studies argue is a primary driver of a galaxy's presumed short-lived starburst phase (e.g. Sanders et al. 1988 ). We also note that a part of the Schreiber et al. (2017) sample occupies a similar high-mass near-bursty region of the SFR-M * plane. This sample is a closer evolutionary proxy to the DRC, focusing strictly on massive (> 5 × 10 11 M ) HST H-band selected and ALMA observed star-forming galaxies at 3.5 < z < 4.7. However, only two of these sources were identified as undergoing close (< 1 ) interactions, with additional environmental information currently unavailable. Moreover, there exist several DRC components that are on or below mainsequence with disturbed or merging rest-frame UV morphologies. Thus, on the SFR-M * plane, it is unclear whether merging activity in overdense regions creates starburst galaxies.
Unraveling any inherent differences in this protocluster core versus field populations, such as an increased fraction of massive galaxies and/or starburst activity, requires further observations. Additional observations in the rest-frame UV/optical could establish the presence of normal star-forming galaxies, galaxies with poststarburst signatures, as well as quiescent early-type galaxies (which we are now seeing out to z ∼ 3.5 in the field, e.g. Forrest et al. (2019) ) -all of which would pose significant implications on the galaxy growth and evolution in overdense environments. Precise spectroscopic redshift information on these additional populations would also constrain the impact of filamentary dynamics on galaxies in early protoclusters.
Gas Properties
Cluster environments as global systems are expected to have massive intracluster reservoirs of gas. Yet, at the individual galaxy level, some studies show that there is little to no change in gas mass fractions when considering galaxy environments out to z ∼ 2.5 (e.g. Darvish et al. (2018) and Zavala et al. (2019) , see also Tadaki et al. (2019) and Noble et al. (2017) ). In Figures 4 (right) and 5, we explore whether this holds for DRC galaxies.
We derive molecular gas masses using the method outlined in Scoville et al. (2016) . This method is built on the observed and theoretical link between the Rayleigh-Jeans tail that traces dust emission and the molecular gas within the ISM of SMGs; and, it is calibrated using the ratio between rest-frame 850 µm luminosity (L 850 µm ) and molecular gas mass (M H2 ). This ratio, aka α 850µm , absorbs inherent variations in dust temperature, opacities, and abundances, and was further calibrated using CO (1-0) measurements in DSFGs. We use the value given in Scoville et al. where α 850µm = 6.7 ± 1.7 × 10 19 erg s −1 Hz −1 M −1 . Considering possible variations in true galaxy dust temperature, gas mass uncertainties using this method are estimated at ∼ 25%. We refer the reader to Appendix A of Scoville et al. (2016) for further details on derivation and resulting uncertainties.
For each individual galaxy, we convert observed-frame 2 mm flux densities (λ rest = 400 µm) to molecular gas masses using the following equation:
where S ν obs is the observed flux density at λ rest > 250 µm (where the dust is considered optically thin), ν obs is the frequency of the observed flux density (= 150 GHz), and D L is the luminosity distance at z = 4.002. Γ RJ is the Rayleigh-Jeans (RJ) correction factor for deviation from the rest-frame Planck function (i.e. B νrest /RJ νrest ), developed in Scoville et al. (2016) and given by
where h is the Planck constant, k is the Boltzmann constant, and T d is the galaxy's mass-weighted dust temperature (assumed to be 25 K to be consistent with other work). Using this approach, we estimate molecular gas masses at 0.08 − 4 × 10 10 M , with an average M H2 = 0.85 ± 1.13 × 10 10 M (see Table 2 ). If we assume a cooler dust temperature for DRC components (e.g. 15 K -which is possible for DSFGs, see Hwang et al. (2010) and Amblard et al. (2010) , but unlikely since the temperature of the CMB at this redshift is ∼ 13.5 K) then the derived molecular gas masses increase by ∼ 36%. mass. Numbers mark the individual DRC components, which are strikingly gas poor at fgas < 25%. The average 1σ uncertainty for DRC components is provided in the top right corner. The blue curve represents the z = 2 relationship derived in Popping et al. (2012) , where high mass galaxies are expected to have lower gas mass fractions (due to both gas depletion and halo shock heating). Red points mark z ∼ 4 field SMGs (Scoville et al. 2016) , and green triangles mark z = 2 − 3 ALMA-detected protocluster galaxies (Lee et al. 2017; Gómez-Guijarro et al. 2019; Tadaki et al. 2019; Zavala et al. 2019) . Solid and dashed grey lines represent the average gas mass fraction from Scoville et al. (2016) for mainsequence and starburst galaxies at z ∼ 4; we also show the average for main-sequence galaxies at z = 0 evolved from the Scoville et al. (2016) relationship.
the gas masses derived using [C i](1-0) line emission in Oteo et al. (2018) . We move forward in this analysis using the gas masses estimated with a mass-weighted dust temperature of 25 K.
With the above method, we avoid the major uncertainties that come with assumed gas mass estimates from CO SLED analysis at high-J transitions. High-J transitions, like the J = 6 → 5 transition line detected in DRC objects, trace denser regions of gas than the lower J transitions, which trace cooler, diffuse gas reservoirs throughout the galaxy. Still, as a comparison to our luminosity-derived gas masses, we derive line-driven gas masses using the 12 CO(6-5) luminosities provided in Oteo et al. Assuming that DRC objects have similar spectral line energy distributions (SLEDs) as other high-z SMGs, we can use the 12 CO(6-5) line luminosity to convert to the ground-state 12 CO(1-0) luminosity, as tabulated in Bothwell et al. (2013) . We assume a CO-to-H 2 con-version factor of α CO = 1.0 M (K km s −1 pc 2 ) −1 , as used in Bothwell et al. and others for SMGs (e.g. Tacconi et al. 2008) , and determine gas masses of M H2 = 0.1−6×10 10 M , about 1.2 times larger than the masses derived using the dust continuum tracer.
In Figure 4 , we show DRC members on the SFR-M H2 plane using the molecular gas masses derived with the 2 mm flux densities. All ten members lie within the starburst regime, with elevated SFRs above the expected z ∼ 4 main-sequence star-formation law at a given molecular gas mass (Scoville et al. 2016 ). However, the majority of sources (7/10) have total gas masses < 10 10 M , smaller than the entirety of the Scoville et al. (2016) DSFG sample and the similarly compact and star-forming z = 4.3 SPT-2349 protocluster of DS-FGs (Miller et al. 2018) . These seven galaxies also lie on the M * -SFR main-sequence, which suggests that their high star-forming efficiencies (=SFR/M H2 ) are driven by relatively small gas reservoirs rather than extreme rates of star-formation. Those with gas reservoirs larger than 10 10 M (objects 1, 2, and 3) are also distinct from coeval protocluster and field galaxies in this M H2 -SFR plane; this metric is consistent with their locations in the M * -SFR plane, where components 1-3 lie near the starburst regime. Assuming a closed box scenario with a constant starformation rate and no major influx of cold gas, we can estimate individual gas depletion timescales, τ depl = M H2 /SFR. Of course, in overdense regions like these, mergers and fresh gas inflows are expected, but we can still use the instantaneously measured gas depletion times to understand the efficiency at which these objects are turning gas into stars at this given moment (while also neglecting any impacts from feedback).
DRC objects have an average gas depletion timescale of ∼ 16 ± 11 Myr, which is significantly (5-15×) lower than the mean τ depl for the SPT z = 4.3 protocluster (Miller et al. 2018 ) and the z > 4 field SMG sample (Scoville et al. 2016) , at 122±53 and 300±160 Myr, respectively. DRC timescales are more consistent with those of local interacting infrared luminous galaxies (e.g. Sanders et al. 1986 ), than those of general field SMG gas surveys at high-z (∼ 100 Myr, e.g. Tacconi et al. 2008; Aravena et al. 2016; Yang et al. 2017) . This makes sense physically as many of our objects appear morphologically to be in pairs and/or ongoing mergers (Figure 1) , phenomena which are known to drive gas compression that enhances SFRs and thus depletes gas more rapidly (Solomon & Sage 1988 ).
If we assume that no major gas is flowing in to support these SFRs, these timescales may indicate that we're seeing these objects as they near the end of their burst-ing phase. Dividing stellar mass by the star-formation rate, we can estimate the stellar-mass build up timescale (assuming that these SFRs have been sustained in the past); we derive build up timescales ranging from 70 Myr to 1 Gyr, with a median of ∼160 Myr -which is within the expected lifespan of the starbursting phase for submillimeter galaxies (e.g. Narayanan et al. 2010) . Still, in deep potential wells like that of this overdensity, gas is expected to flow in at increased rates, which may actually sustain these extreme bouts of star-formation for longer periods of time. Further deep observations for extended, cold gas surrounding the protocluster would be necessary to confirm this latter scenario.
An additional metric we can inspect is the gas mass fraction, f gas = M H2 /(M H2 + M * ), which is expected to decrease with increasing stellar mass (e.g. Popping et al. 2012; Genzel et al. 2015) . In Figure 5 , we see that this appears to be the case for the Scoville et al. (2016) z ∼ 4 field SMGs and other z = 2 − 3 protoclusters Tadaki et al. 2019; Gómez-Guijarro et al. 2019 ) -however it is not the case for DRC members.
Each DRC member appears gas-poor at f gas < 25% with an average f gas = 6±6%, across all galaxy stellar masses. The gas fractions for the more massive starburst galaxies (components 1, 2, 3, and 5 at M * 10 11 M ) are in line with the typical values for field and protocluster galaxies, but objects 6, 9, 10, and 11 (at M * ∼ 3 × 10 10 M ) are 2-3× more gas-poor than expected. Three of these smaller, gas-poor galaxies (9-11) have τ depl (< 15 Myr), and they lie within the SFR-M * main-sequence law. Thus, it is possible that these objects are much closer to depleting their gas supplies than the other core members, and on their way to becoming some of massive quiescent galaxies that dominate in cluster cores by z ∼ 3.5 (e.g. De Lucia & Blaizot 2007; Ito et al. 2019) .
Understanding the growth and quenching of gas reservoirs in overdense environments at z > 3 requires additional follow-up observations in the rest-frame far-IR/sub-mm. While we show that an entire population of SMGs in a protocluster is gas-poor, we cannot draw further conclusions on whether this quenching activity is driven by environment until there are additional observations of other protocluster members, both within the DRC and other z > 3 overdensities. With follow up dust continuum surveys of these overdensities, we can further constrain overarching questions in early cluster evolution, such as: How early does extreme stellar mass build up cease for brightest cluster galaxy progenitors? Do the majority of galaxies in overdense environments go through a starburst phase that's sustained with cold gas flows and, if so, at what point would virial shock heating disrupt these flows? show mass estimates for stars, gas, and total halos for each individual DRC component (gas only for DRC-4, see Section 3). The orange corresponds to the gas mass estimates using the rest-frame 850 µm technique as outlined in Scoville et al. (2016) and Section 4.2. The green corresponds to the stellar masses estimated using SED fitting, as outlined in Section 3. The dark red represents the individual total halo masses derived using stellar abundance matching at z = 4 from Behroozi et al. (2013) . The dotted, dashed, and hatched regions represent the 1, 2, and 3σ exclusion curves for the most massive halos expected to be observable at z = 4 in the ∼ 600 deg 2 H -ATLAS survey (Harrison & Hotchkiss 2013) . On the right, we show total halo mass for the entire DRC, estimated using various methods. The square and corresponding error bars represents the range of halo masses found in Oteo et al. (2018) using velocity dispersion methods. The circle represents the sum of the halos from each individual DRC component as seen in dark red on the left. For the star: all DRC objects are treated as subhalos within one single overarching halo; their individual stellar masses are summed into a singular massive stellar component that's then abundance-matched using Behroozi et al. (2013) to calculate a total halo mass. Finally, the dark red dashdotted line represents the halo mass assuming a baryonic-to-halo mass fraction of 5%.
CLUSTER HALO MASS AT z = 4
Weighing a high-z protocluster requires a variety of assumptions. Typical methods used to derive galaxy cluster masses (e.g. measuring X-ray emission from the super-heated intracluster medium (ICM), or tracing Sunyaev-Zeldovich distortions on the CMB) are unavailable for objects like the DRC as most of these methods are fine-tuned for nearly or fully virialized z 1 clusters with an ICM. Oteo et al. (2018) attempt to overcome this by combining the velocity dispersion method (Evrard et al. 2008) with ALMA 12 CO(6−5) line velocities to estimate a total DRC halo mass of 3−9×10 13 M . This method requires an assumption that the DRC is al-ready virialized. However, z > 3 protoclusters exhibit generally aspherical mass distributions with large effective radii that vary based on the chosen line of sight (e.g. Lovell et al. 2018; Chiang et al. 2017) ; this is because eventual z ∼ 0 cluster members are tens to hundreds of Mpc apart at z > 3. In the following, we weigh the DRC using three different methods, each of which comes with it's own assumptions and uncertainties. We present these estimates in Figure 6 and 7. As in the previous sections, we do not include DRC-4 in any calculations as we do not have reliable stellar mass estimates.
First, we derive a modest estimate of the total cluster halo mass by summing the halo masses of each individual galaxy. This estimate requires the assumption that individual galaxy halos are closer to virialization than the protocluster itself, and that each galaxy formed it's own halo prior to coalescing in this overdense region. We use the stellar-to-halo abundance matching relationship in Behroozi et al. (2013) , which is developed assuming that the bulk of baryonic mass in dark matter halos is tied up in adult stars, and that massive galaxies trace massive halos. We determine individual halo masses of M DM = 3 − 8 × 10 12 M , with an average halo mass of 5±2×10 12 M (Figure 6, left) . Summing up the individual components translates to a total cluster halo mass of 5 ± 2 × 10 13 M (Figure 6, right) . Errors are determined from uncertainties in stellar mass. This estimate agrees with the those derived in Oteo et al. (2018) . We note that if we do not include DRC-5 in this estimate (as it is not a spectroscopically confirmed member), the total halo mass drops to ∼ 4 × 10 13 M -roughly < 20% less massive.
If we instead assume that these galaxies are (and maybe always have been) sitting and growing in the same halo, then the previous method would likely be an overestimate that "double counts" dark matter mass in overlapping halos. Assuming each of these galaxies is close enough to be occupying one single massive halo (which, according to velocity space, this may be true for 8/10 objects), we can sum all stellar masses into a single total stellar mass for the halo and then interpolate that value over the Behroozi et al. relationship to derive a different (even larger) estimate of 2 ± 0.2 × 10 14 M . This is ∼ 0.6 dex larger than the previous estimates, and the most massive estimate in this study. If DRC-5 is not included, the total halo mass drops by about 30%.
Finally, if we instead assumed a generous fixed baryonic-to-dark matter fraction of 5% (e.g. Behroozi & Silk 2018) , summing all stellar and gaseous components, we estimate a halo mass of 2 × 10 13 M -which marks the lowest total halo mass limit of this analysis.
In Figure 6 , we compare these estimates to the 1, 2, and 3σ exclusion curves for how likely a massive halo is to exist at z = 4 in ΛCDM cosmology, as derived in Harrison & Hotchkiss (2013) 3 -i.e. these exclusion curves mark the most massive clusters possible at 68, 95, and 99.7% likelihood within the H -ATLAS survey region of ∼ 600 deg 2 , with 1, 2, and 3σ corresponding to upper mass limits of 6, 8, and 12×10 13 M , respectively.
Within uncertainty, each of the total halo mass estimates for the DRC do not necessarily break the 3σ (99.7%) exclusion curve -i.e. our current data portrays a massive structure that is rare in the Universe, but not improbable. However, we argue for a variety of reasons that the our understanding of the DRC's true weight is incomplete (and therefore likely underestimated). Firstly, at large scales, these methods do not account for other additional cluster members that have yet to be detected, such as normal star-forming galaxies, post-starburst, and/or quiescent galaxies. We emphasize the impact of this point: the majority of galaxies in DSFG-rich z < 3 protoclusters are normal star-forming systems (∼ 85%, Table 1 in Casey et al. 2019) ; normal star-forming galaxies contain the majority of the cosmic stellar mass budget (Baugh et al. 2005; Rodighiero et al. 2011; Sargent et al. 2012) , and are found in large numbers in protoclusters out to z ∼ 6 (e.g. Harikane et al. 2019) . Thus, the presence of up to 10× as many normal SFGs as DSFGs in this protocluster core would have significant impact on the mass estimates, and therefore rarity, of the DRC.
At smaller scales, the abundance matching method is developed on the basis that the most massive component in all halos is the stars; while the DRC presents gaspoor galaxies, it is still possible for gas-rich members to exist throughout the structure but outside of the ALMA field-of-view of this cluster core. Moreover, at high-z, it is possible for large gas reservoirs to become significant (or even the main baryonic) contributors to the overall mass budget (e.g. Casey et al. 2019) .
In Figure 7 , we compare DRC total halo mass estimates to that of other known protoclusters over a wide range of redshifts. At it's lowest estimate, it is already equally as massive as z = 2 − 3 protoclusters (most of which have halo mass estimates using the same stellar-to-halo matching technique at the individual galaxy level, Casey 2016), and at its largest the DRC is nearly as massive as z = 1 virialized clusters (Stan- . The halo mass evolution of protoclusters. For the DRC, we show the halo mass estimates from three methods in purple (presented in Section 5): (i) assuming a baryonic-to-dark matter ratio of 5%, (ii) generating halo masses using stellar-tohalo abundance matching (Behroozi et al. 2013) (Newman et al. 2014; Stanford et al. 2012; Zeimann et al. 2012; Mantz et al. 2014) ; red stars represent SMG-rich 2 protoclusters: the GOODS-N z = 1.99 protocluster rich with AGN and SMGs, the COSMOS z = 2.10 and 2.47 protoclusters, the MRC1138256 aka 'Spiderweb' protocluster at z = 2.16, the SSA22 z = 3 AGN and DSFG rich protocluster, the z > 4 GN20, AzTEC-3, and HDF 850.1 overdensities (with 1-3 DSFGs each), as well as SPT2349-56, the z = 4.3 protocluster of 14 SMGs (Steidel et al. 1998; Kurk et al. 2000; Blain et al. 2004; Chapman et al. 2009; Daddi et al. 2009; Tamura et al. 2009; Lehmer et al. 2009; Capak et al. 2011; Kuiper et al. 2011; Walter et al. 2012; Hodge et al. 2013; Yuan et al. 2014; Dannerbauer et al. 2014; Casey et al. 2015; Diener et al. 2015; Chiang et al. 2015; Umehata et al. 2015; Casey 2016; Miller et al. 2018 ). The grey line shows the expected halo mass evolution of a Coma-like cluster (Chiang et al. 2013 ). The black dashed lines mark the different regions of gas inflow and cooling mechanisms on massive halos; gas inflows onto halos above the critical shock heating halo mass at ∼ 10 12 M are shock heated and thus the galaxy within is strangulated (Dekel & Birnboim 2006) . Galaxies in the "cold in hot" regime may have penetrating cold gas flows that help sustain growth. ford et al. 2012; Zeimann et al. 2012; Newman et al. 2014; Mantz et al. 2014) . Again, we emphasize that additional, non-negligible mass is likely missing from the DRC in the form of less star-forming galaxies. This is also likely true for the SMG-rich SPT2349-56 protocluster at z = 4.3 (Miller et al. 2018) . Until a thorough study on the larger scale of the structure is carried out, the true observed mass of the DRC (and other high-z protoclusters like it) remains unknown.
Given the high mass that appears in place for the DRC already at z = 4, we consider next how the DRC may evolve compared to massive clusters seen locally today. Based on the evolutionary track for a Coma-like cluster derived in Chiang et al. (2013, grey line in Figure 7) , we can generally estimate that the DRC will evolve to 10 15 M by z = 0. This is under the assumption that an overdensity such as the DRC (with δ gal > 10, 000× the field density for massive galaxies, see Section 4.1) traces one of, if not the, most massive halos in the large scale structure of the protocluster. We also derive a z = 0 halo mass following Lemaux et al. (2014) by using the mean halo growth rate as a function of redshift and observed halo mass from the Millennium and Millenium-II simulations (McBride et al. 2009; Fakhouri & Ma 2010) . Using this method and the z = 4 two different stellar-to-halo mass estimates outlined above, we derive a z = 0 mass of M z=0 ≈ 2−8×10 15 M . This halo mass is extremely large, rivaling that of fully evolved galaxy clusters seen locally today (e.g. Gitti & Schindler 2004; Gavazzi et al. 2009 ). Both halo mass evolution functions require a variety of assumptions of which we cannot constrain; e.g. the method used in Lemaux et al. (2014) was derived for a single halo, and the growth curves derived in Chiang et al. (2013) are highly dependent on the presumed volume of the observed galaxy overdensity. Considering these caveats, as well as a lack of additional constraints on the large scale structure of the DRC, and the uncertainties in stellar mass estimates, we state generally that the DRC is a massive cluster progenitor that will likely evolve 10 15 M by z = 0.
Overall, the list of factors that influence the future of this protocluster's growth is long, complex, and opaque (e.g. mergers, gas inflows, AGN, etc.). Still, with followup observations and simulation deep dives, we may be able to begin untangling the halo assembly past and future for massive cluster progenitors at z > 3. Additional rest-frame UV/optical observations that map the extent of the DRC's large scale cluster would constrain the true mass distribution of the fated cluster. A deeper dive into simulations of massive cluster formation could shed light on halo mass configurations and distributions within protocluster galaxies, which can then be used to calibrate against standard abundance matching techniques for isolated halos. These efforts are left for future studies.
SUMMARY AND CONCLUSIONS
In this paper, we present a multiwavelength analysis on a z = 4.002 SMG-rich, ultra-massive protocluster: the Distant Red Core. We combine new HST and Spitzer data with existing Gemini, Herschel, and ALMA data to model spectral energy distributions for each respective ALMA object (Figure 3 , except DRC-4), taking care to deblend low resolution Spitzer IRAC data where needed (Section 2.9). Stellar masses and SFRs are derived from SED-fitting with cigale (Section 3). Molecular gas mass estimates are derived using the observedframe 2 mm ALMA data (probing the Rayleigh-Jeans region of the dust continuum) with the Scoville et al. (2016) methodology.
We confirm a population of massive (M * > 10 10 M ), yet gas-poor (f gas < 25%) galaxies already in place when the Universe was only 1.5 Gyr old. When comparing to field galaxies on SFR-M * plane (Figure 4) , our results confirm that -even at z = 4 -protocluster galaxies can be viewed as a high-mass (and possibly more bursty) extension of the star-forming main-sequence for coeval isolated field galaxies. However, on the SFR-M H2 plane, all DRC members lie within the starburst region -yet with gas reservoirs generally smaller than their field counterparts. When compared to z = 2 − 3 protocluster and z ∼ 4 field counterparts, the DRC objects have 2-3× lower gas mass fractions ( Figure 5 ), particularly at lower stellar mass (M * 3 × 10 10 M ). They also have significantly short gas depletion timescales (∼ 16 ± 11 Myr) which, when combined with the evidence of a mainsequence star-formation mode in place, may mean that these objects are near the end of their gas supply, edging closer towards becoming the massive quiescent galaxies that dominate at cluster cores locally today.
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